Restoration of pollen fertility to cytoplasmic male-sterile common bean by nuclear gene Fr is accompanied by mitochondrial (mt) DNA rearrangements within restored plants. These rearrangements are also observed upon spontaneous cytoplasmic reversion to fertility. An mtDNA fragment of at least 25 kilobases was lost from the genome upon restoration or reversion. This fragment contained DNA segments that were not repeated elsewhere in the genome and, therefore, were not detected within the genome upon fertility restoration. This result suggested that the particular mtDNA configuration absent from restored plants could not be maintained by a constant process of recombination but rather by autonomous replication. No evidence of excision of this region from the mt genome, in the form of a junction fragment associating flanking DNA regions, was detected in fertile restored plants. DNA gel blot hybridization of this mtDNA region, compared with hybridization to related regions of the mitochondrial genome that shared sequence homology, indicated that the mtDNA region associated with sterility was present in lower copy number. These observations, as well as the occurrence of similar or identical rearrangements upon spontaneous cytoplasmic reversion, indicate that the restoration of pollen fertility may be accompanied by loss of an independently replicating subgenomic DNA molecule from the mitochondrial genome.
INTRODUCTION
Cytoplasmic male sterility (CMS) in higher plants is a maternally inherited trait characterized by the inability of the plant to produce viable pollen. The study of CMS has raised a number of interesting and, as yet, unanswered questions regarding the role of nuclear-cytoplasmic gene interaction in plant development. Although a number of investigators have demonstrated an association between the CMS phenotype and the mitochondrial genome (Warmke and Lee, 1977; Forde and Leaver, 1980; Boeshore et al., 1985; Schardl et al., 1985; Wise et al., 1987) , the cause of pollen abortion remains to be determined. In most cases of CMS in higher plants, pollen viability can be restored by the introduction of a nuclear fertility restorer gene that appears to mask expression of the CMS trait. This direct nuclear-cytoplasmic interaction provides an ideal opportunity to characterize the role of particular nuclear genes in the regulation of cytoplasmic function.
Restoration of pollen fertility in CMS common bean is controlled by a single dominant nuclear restorer gene designated Fr. lntroduction of Fr to our CMS common bean line results in partially male-fertile (semisterile) F, ' To whom correspondence should be addressed.
progeny and an approximately 3:l (ferti1e:sterile) segregation in F2 populations (Frfr x Frfr) (Mackenzie and Bassett, 1987) . Most intriguing about this restoration process is the fact that fully fertile, restored F2 plants (Fr-) do not give rise to segregation for sterility in FB populations regardless of the plant genotype with respect to Fr. In other words, restoration of fertility by Fr is apparently a permanent condition that is not reversed by segregation at the Fr locus. In addition, restoration by Fr results in a mitochondrial DNA rearrangement in fully fertile, restored F3 progeny (Mackenzie et al., 1988) . These results could indicate that Fr restores fertility to CMS common bean by directly altering the configuration of the mitochondrial genome. In higher plants, such a direct, specific interaction between a single nuclear gene and the mitochondrial genome has not previously been reported. To assess the possibility of such an interaction, we have investigated the nature of the mitochondrial genome rearrangements associated with fertility restoration by Fr. In this paper, we demonstrate that introduction of nuclear gene Fr is accompanied by the loss of a portion of the mitochondrial genome spanning at least 25 kb. We also describe evidence to suggest that the molecule carrying this 25-kb region of the mitochondrial genome is autonomously replicated. (A) 7.2-kb Pstl fragment that is retained upon restoration of fertility and shares homology with the mitochondrial DMA segment lost upon restoration. (B) 6.0-kb and 4.0-kb Pstl mtDNA fragments lost upon restoration by Fr and spontaneous reversion. Subclones 3 and 4 should each hybridize to a parental and recombinant DMA configuration if the two fragments are involved in a recurring recombination event, assuming that both recombinant products are stable. Restriction sites include Pstl (P), Hindlll (H), BamHI (B), Sstl (S), and EcoRI (E).
7.2kb SH
Recombination events are generally characterized by the presence of two parental DMA configurations that undergo the recombination event and two recombinant configurations, both products of the recombination. To identify the regions of the mt genome involved in this putative recombination, we used a radioactively labeled 0.20-kb BamHI/Pstl subclone from Figure 1B (probe 4) to probe membrane-bound total mtDNA from fertile progenitor G08063 and CMS-Sprite lines. Figure 2D demonstrates hybridization primarily to the 6.0-kb fragment, with only faint hybridization to the 7.2-kb fragment. This faint hybridization to the 7.2-kb Pstl fragment suggests that some homology exists between the two fragments beyond the point at which the two DMA restriction maps diverge. This homology may be due to rearrangement or multiple recombination events within the region. In addition, we used the 0.67-kb Hindlll/Pstl subclone from Figure 1A (probe 3) to probe membrane blots of total mtDNA from the same lines, and observed hybridization to the 7.2-kb fragment only ( Figure 2C ). From these results, we were unable to identify the regions of the G08063 mt genome from which the nonhomologous segments of the 6.0-kb and 7.2-kb fragments were derived. Using the 4.0-kb Pstl fragment immediately adjacent to the 6.0-kb fragment as probe ( Figure  1B , probe 2), we observed hybridization to 4.0-kb and 10-kb Pstl fragments in G08063 and CMS-Sprite, with no hybridization to the 7.2-kb fragment. This indicates that a
RESULTS
In a previous report we demonstrated that the mitochondrial (mt) DNA rearrangement associated with fertility restoration and spontaneous cytoplasmic reversion was accompanied by the apparent loss of a 6.0-kb Pstl mtDNA fragment from the mitochondrial genome (Mackenzie et al., 1988) . This 6.0-kb fragment, shown in Figure 1B , shares homology with a 7.2-kb Pstl fragment ( Figure 1A ) present in male-sterile, revertant, and Fr restored lines. In Figure 1 , restriction maps of these fragments suggest that an mtDNA recombination event or a DNA insertion event gave rise to these two related fragments because the two fragments appear identical at one end and display a distinct point of divergence. Figure 2A demonstrates that the 6.0-kb Pstl fragment is present within the mitochondrial genome in lower copy number than is the 7.2-kb Pstl fragment. This suggests that the two fragments reside on separate DNA molecules. To better characterize the relationship of these two fragments, we investigated the site at which the two fragment restriction maps diverged. A gel blot of total mtDNA digested with Pstl and hybridized with a radioactively labeled clone of the 4.0-kb Pstl fragment associated with fertility restoration and reversion.
site of divergence between the two restriction maps did occur.
To determine how region B was derived, we searched the mt genome for regions homologous to the 4.0-kb Pstl fragment immediately adjacent to the 6.0-kb fragment. Figure 3 demonstrates weak hybridization to a 10-kb Pstl fragment when the entire 4.0-kb clone was used as probe, indicating that some portion of the 4.0-kb sequence was repeated elsewhere in the mt genome. However, Figure 4 indicates the location of 1.5-kb and 0.99-kb Sstl subclones (4.OP-1.5, 4.0P-.99), from the 4.0 kb-fragment that carry sequences unique to this region. Figure 5 demonstrates that these subclones did not hybridize to the mt genome of revertant and restored lines (data for 4.0P-.99 not shown). Therefore, a 2.4-kb portion of the 4.0-kb mtDNA sequence associated with reversion/restoration was unique to the region and was no longer detectable or completely lost upon fertility restoration. This unique 2.4-kb segment within the 4.0-kb fragment lies directly adjacent to the 6.0-kb fragment lost upon restoration. Therefore, a unique sequence was carried immediately adjacent to the point of divergence between regions A and B of Figure 1 ( Figures 1A and 1 B) that was not present elsewhere within the mitochondrial genome. These observations indicated that any recombination event or insertion event that might have occurred to give rise to related configurations in Figures 1A and 1B had taken place in the history of this line and was not presently recurring. Because no sequence homologous to this unique 2.4-kb segment existed within the genome, constant recombination to maintain this unique configuration could not presently occur.
Use of mtDNA cosmid clones from the Figure 1B region associated with the 6.0-kb fragment revealed that the DNA configuration unique to the G08063 cytoplasm included the 6.0-kb and adjacent 4.0-kb fragments. DNA gel blot analysis of mtDNA from CMS-Sprite and revertant or restored lines indicated the disappearance of these two fragments from the genome (Figure 3 and Mackenzie et al., 1988) . To estimate the extent of the mtDNA region that was lost from the genome, we hybridized radioactively labeled clones of the 6.0-kb, 4.5-kb, and 10.2-kb Pstl fragments associated with the Figure 1B region (and mapped in Figure 6 ) and a cosmid clone encompassing this region to a gel blot of Sstll-digested mtDNA. Figure 7 shows the disappearance of a 25-kb fragment from the genome upon fertility restoration. (The mtDNA region encompassed by this Sstll fragment is indicated in Figure 6 ). In addition, a higher molecular weight fragment is observed to hybridize in each panel. This fragment is presumed to comprise configuration A ( Figure 1A ) and, therefore, is not lost upon fertility restoration. The poor resolution of the high molecular weight fragments is likely due to the effects of electrophoresis and poorer blotting efficiency of large DNA molecules. We have not yet developed an Sstll map of the region flanking the 25-kb fragment, but we assume that the lower molecular weight fragments present in Fig The fragment was subcloned (using Sstl) into 4.0P-.5 (.56 kb, adjacent to ATP «), 4.0P-.6 (.65 kb), 4.0P-1.5 (1.5 kb), and 4.0P-.99 (.99 kb, adjacent to the 6.0-kb Pstl fragment). Restriction sites include EcoRI (E), Xhol (X), Pstl (P), and Sstl (S). (C) DNA gel blot in (B) subsequently hybridized to a radioactively labeled clone for ATPase subunit 6 to control for even DNA blotting of all lanes. Note that a faint second band is observed in the G08063 and CMS-Sprite lanes. We have not yet determined whether afp6 sequences are also associated with the rearrangement upon restoration. REV1 designates revertant 83-1; REV2 designates revertant WPR-1.
If the 25-kb segment were lost because of an excision or a recombination event, we would expect to identify a junction point associating the regions flanking this 25-kb region upon fertility restoration. To identify any such junction fragment within the restored or revertant mitochondrial genome, we hybridized membrane blots of total mtDNA with radioactively labeled cosmid clones encompassing the entire region of interest ( Figure 6 ). Figure 8 demonstrates that this approach failed to reveal a junction fragment, that is, a novel fragment unique to the restored and revertant lines. Therefore, this 25-kb region did not appear to be simply excised from the genome upon fertility restoration. It should also be mentioned that the number of mtDNA fragments that hybridized with each cosmid probe was usually larger than the number of Pstl fragments known to be carried within each cosmid. We believe that this discrepancy in hybridizing fragment number was due to the presence of hybridizing regions elsewhere in the mitochondrial genome. Because the mitochondrial genome has likely undergone recombination in a number of regions of the genome, fragment polymorphisms and repeated sequences would not be unexpected. Figure 6 demonstrates that the 25-kb region associated with fertility restoration carried, in addition to the unique 6.0-kb and 4.0-kb Pstl fragments, a 4.5-kb fragment and portions of flanking 6.3-kb and 10.2-kb Pstl fragments. When the 4.5-kb, 6.3-kb, or 10.2-kb fragment was hybridized as probe to a membrane blot of total mitochondrial DNA, no loss or mobility shift of these fragments was observed in revertant and restored lines. This result suggests that each of these fragments was carried elsewhere in the mt genome as 4.5-kb, 6.3-kb, and 10.2-kb fragments (see Figure 8) .
To determine whether the 4.0-kb and adjoining 6.0-kb Pstl fragments carried transcriptionally active sequences, gel blots of total mitochondrial RNA were hybridized with radioactively labeled clones from this mtDNA region. The transcription pattern within this region of the mt genome was complex. Figure 9 shows that a number of transcripts derived from the 4.0-kb and adjoining 6.0-kb Pstl fragments ( Figure 1B) were present in the male-sterile and male-fertile progenitor G08063 lines but were not present in fertile restored lines.
Rearrangements of the plant mt genome can result in "fusion genes," chimeric associations involving segments of mitochondrial genes in novel arrangements. These gene arrangements may form open reading frames that in some cases are transcribed (Dewey et al., 1986; Young and Hanson, 1987) . Our efforts to identify the genetic information carried within the mtDNA region lost upon restoration revealed that the 4.0-kb Pstl fragment was directly downstream (3') to an apparently intact gene for the « subunit of mitochondrial F,-ATPase (afpA). This was determined by hybridization of maize atpA subclones to subclones from the 10.2-kb region adjacent to the 4.0-kb Pstl fragment shown in Figure 10 . Three transcripts, 3.4 kb, 2.5 kb, and 2.7 kb in length, were associated with afpA ( Figure 9B ). Hybridization to these transcripts was also observed when the entire 4.0-kb Pstl fragment was 
DISCUSSION
These experiments demonstrate that the introduction of the nuclear fertility restorer gene Fr is associated with the loss of at least 25 kb from the mitochondrial genome. The observation of mtDNA rearrangement directed by a single nuclear gene is extremely unusual in higher plants. The fact that this rearrangement involved loss of such a large region of the genome was particularly interesting. We propose two models to explain the observed mitochondrial DNA rearrangement upon recovery of pollen fertility. The first is excision of a large portion of the genome. Although we have not yet observed a novel junction fragment associating the regions flanking such an excision, this possibility cannot be ruled out at present. The second model would involve loss of an even larger region of the genome than was detected.
In most plant species studied to date, the mt genome exists as a population of heterogeneous subgenomic DNA molecules (Quetier and Vedel, 1977; Lonsdale et al., 1984; Palmer and Shields, 1984) . Each of these molecules appears to be generated by intra-and intermolecular recomhybridized to a gel blot of total mtRNA (data not shown), suggesting that the afpA transcripts extend into the 4.0-kb region. The presence of an intact 10.2-kb Pstl fragment carrying afpA, together with an apparently unaltered afpA transcript pattern, upon fertility restoration suggests that at least two copies of afpA exist within the G08063 cytoplasm. We have not identified homology within this region to any other known mt genes for which clones were available (see Methods).
The cultivar Sprite carries a maintainer or nonfertility restoring nuclear genotype. Sprite mitochondrial DNA differs from that of G08063 by a relatively small number of DNA restriction fragments (Mackenzie et al., 1988) . All mtDNA restriction fragment differences detected to date between Sprite and G08063 have been associated with the mtDNA region influenced by Fr or reversion. For example, the 6.0-kb and 4.0-kb Pstl fragments associated with fertility restoration were not present in Sprite mtDNA (Figures 3 and 8 and Mackenzie et al., 1988) . Fragments homologous to the 10.2-kb, 4.5-kb, 6.3-kb, and 7.2-kb Pstl mtDNA fragments are shifted in mobility on an agarose gel ( Figure 8 and Mackenzie et al., 1988) . Of particular interest is the fact that Sprite mtDNA did not carry se- (A) Total mtRNA derived from G08063 (a), CMS-Sprite (b), and a fertile restored BC 3 F 6 population (c) was blotted and hybridized with a 3.1-kb EcoRI clone that overlaps the 4.0-kb and 6.0-kb Pstl fragments lost upon restoration (see Figure 1 ). Each lane carries 15 Mg of total RNA. (B) To control for even blotting, the blot in (A) was subsequently hybridized with a 718-bp EcoRI-BamHI fragment from within the region of maize mitochondrial afpA.
bination events within the genome and each carries only a portion of the mt genetic information. The model most consistent with what is known about the mt genome structure of higher plants would suggest that in the case of CMS common bean recovery of pollen fertility is associated with loss of a subgenomic mtDNA molecule. According to this model, the subgenomic mtDNA molecule carries a unique 25-kb Sstll fragment flanked by mitochondrial DMA that is repeated on other DNA molecules within the genome. Therefore, the entire subgenomic DNA molecule may be lost, yet only the regions unique to the molecule (i.e., encompassed within the 25-kb Sstll fragment) would appear to be deleted from the genome. In fact, within the mitochondrial genome of normal cytoplasm maize, two copies of the gene for the « subunit of ATPase are present, whereas only one copy is present in malesterile cytoplasms (Isaac et al., 1985) . The maize afpA gene is carried on a subgenomic DNA molecule of 67 kb (Lonsdale et al., 1984) . In addition, the afpA genes in the cytoplasmic male-sterile and normal cytoplasms of maize differ from one another because of rearrangements downstream (3') relative to the afpA coding region (Isaac et al., 1985) . Our study demonstrated that there were unique sequences within the 25-kb mtDNA region lost upon fertility restoration that were not found elsewhere within the mt genome. This observation was important for two reasons. First, the fact that this mtDNA region carried unique sequences suggested that the region was maintained within the genome not by recurrent recombination but by autonomous replication, as deduced from the observation that no homologous region exists within the mt genome from which this unique sequence would be derived. Furthermore, the fact that this unique 2.4-kb segment lies immediately adjacent to the point of divergence between the regions in Figures 1A and 1B suggests that any recombination or rearrangement events that gave rise to these related regions cannot be presently recurring because the other participating region, related to the unique 2.4-kb segment and necessary for this recombination, apparently no longer exists within the genome. A model of autonomous replication of plant subgenomic mtDNA molecules is supported by observations in maize of changes in stoichiometry of different molecules in response to different nuclear backgrounds (Small et al., 1987) .
The second reason why we were intrigued by this unique region of the mt genome was that its disappearance upon restoration of pollen viability suggested a possible association between the two phenomena. We have not yet determined the origin of the unique 2.4-kb segment, although its absence from Sprite indicates that it is not carried within the mitochondrial genome of all common bean lines. To date, this is the only mtDNA sequence detected to be unique to G08063. An insertion event within this region of the G08063 mt genome may have occurred in the past. However, recombination or rearrangement events have apparently accompanied such an insertion because we did not detect a realignment of the mtDNA restriction maps flanking the putative insertion. We will now characterize the relationship, if any, between this unique sequence and male sterility. The mitochondrial DNA region adjacent to the 4.0-kb Pstl fragment was subcloned as indicated. Hybridization experiments were performed using DNA gel blots of cloned DNA encoding maize afpA digested with different restriction enzymes. Clone a hybridized predominantly to the NH 2 -terminal end of the maize clone for afpA. Clone b hybridized to fragments encoding the COOHterminal end of the maize afpA gene (Braun and Levings, 1985) (data not shown).
We observed the loss of a number of transcripts derived from the region associated with sterility and are in the process of sequencing the 4.0-kb and 6.0-kb Pstl mtDNA fragments to identify any open reading frame(s) encoded within this region. Because these transcripts were also present in the fertile progenitor G08063, we cannot assume that they are directly associated with pollen abortion. Therefore, it will be essential to determine whether or not this transcribed region encodes an open reading frame that may be differentially translated in G08063 versus CMS-Sprite.
If fertility restoration is associated with loss of a mitochondrial subgenomic molecule, the most obvious mitochondrial DNA difference between Sprite and G08063 may be the absence of the subgenomic DNA molecule from Sprite. We are presently screening additional bean lines to determine whether or not the G08063 cytoplasm-fr interaction is usually found in common bean populations. It will be of interest to determine the mitochondrial genome configuration of bean lines that carry nuclear restorer genes versus those that act as sterility maintainer genotypes when crossed to our CMS common bean line.
To date, we have tested 15 fertile, restored lines carrying the f r restorer gene. In each case, an identical pattern of restoration was observed within the F3 generation (S.A. Mackenzie and M.J. Bassett, unpublished data). This mtDNA rearrangement has also been observed in five spontaneous cytoplasmic reversion events (Mackenzie et al., 1988; S.A. Mackenzie, unpublished data) . A number of observations suggested that this mtDNA rearrangement involved loss of a mitochondrial subgenomic DNA molecule: The 6.0-kb region of the mt genome lost upon reversion/restoration was apparently maintained in lower copy number relative to homologous regions of the mt genome represented by the 7.2-kb Pstl fragment in Figure   1 ( Figure 2A and Mackenzie et al., 1988) . This suggests that the mtDNA region associated with fertility restoration was carried on a separate molecule. Disappearance of at least 25 kb from the genome with no evidence of a nove1 junction fragment within flanking regions indicated that the loss was substantial. The fact that the mtDNA rearrangement was associated not only with restoration by Fr but with spontaneous reversion to fertility raises the question of whether or not different portions of the genome are maintained less efficiently or, perhaps, even randomly lost at relatively low frequency. However, this reversion frequency is strongly influenced by nuclear genotype (Mackenzie et al., 1988) , indicating that maintenance of this region of the mt genome is under nuclear control. Mechanisms of mtDNA replication and maintenance of mt genome structure in higher plants are poorly understood. It has been suggested that the plant mt genome may be replicated as a "master" circle or DNA molecule carrying the entire mt genetic complement (Palmer and Shields, 1984) . The subgenomic DNA molecules that are known to exist within plant mitochondria are generated via inter-and intramolecular recombination (Lonsdale et al., 1984; Palmer and Shields, 1984) . It is not known whether these subgenomic molecules are maintained within the mt genome by a constant process of recombination throughout plant development or whether they are capable of autonomous replication. Also unknown is the extent to which the structure of the mitochondrial genome can be altered by substitution of nuclear background. The particular common bean nuclear-mitochondrial interaction we are investigating may prove extremely useful in answering some of these questions.
METHODS

Plant Materials
The cytoplasmic male-sterile common bean (Phaseolus vulgaris) line was originally derived from fertile accession line G08063 (Singh et al., 1980) . The CMS selection has been back-crossed 10 generations to cv Sprite and is designated CMS-Sprite. The male-fertile progenitor line G08063 was provided by S. Singh (Centro Internacional de Agricultura Tropical, Cali, Colombia). The Sprite snap bean cultivar was originally obtained from Sun Seeds (Twin Falls, ID). The fertility restored lines and spontaneous cytoplasmic revertants used in this study were derived as described previously (Mackenzie et al., 1988) .
Mitochondrial Gene Clones
Mitochondrial gene clones included BN6 (maize COXIII), supplied by W. Hauswirth; 48ATPa (maize ATP a) and pK9ECOB (Maize COB), supplied by C.S. Levings; sorghum cosmid clones carrying the 26s rDNA, 18s rDNA, ATP6, ATP9, COXI, COXII, and NADH, supplied by D.R. Pring; and petunia URF S, supplied by M.R. Hanson.
Preparation of Mitochondrial DNA
Mitochondrial DNA isolation procedures were as described previously (Mackenzie et al., 1988) . The procedure of McNay et al. (1984) was used to isolate mitochondria from 7-day-old darkgrown seedlings. The procedure of Dellaporta et al. (1983) was then used for mitochondrial lysis and mtDNA purification. Cetyl trimethylammonium bromide was used to precipitate nucleic acids.
Preparation of Mitochondrial RNA
Mitochondria were prepared as above, without DNase or proteinase K. The mitochondria were lysed in 6 M guanidium thiocynate (Maniatis et al., 1982) , followed by phenol/chloroform extraction. The nucleic acid suspension was brought to 2.5 mL, combined with 1 g of CsCI, and centrifuged for 12 hr at 32,OOOg over a 1.5-mL cushion of 5.7 M CsCI/O.l M Na2EDTA at 2OoC in a Beckman SW 50.1 rotor.
